INTRODUCTION
NOT all forces of natural selection spring from the direct competition of individuals. Adjustment to the physical environment obviously need involve nothing more than the greater success of the individual better fitted to meet the demands of that environment. Yet situations must be rare into which some element of competition does not enter. Even those individuals of a species colonising a new environment must meet some sort of competition from other species already present and making similar demands on the outside world; and if the colonisers achieve any success beyond the bare maintenance of their numbers, sooner or later the population must rise to a size when its members become significant features of one another's environment and there sets in the fiercer competition within the species. Competition is not synonymous with natural selection, but competitive ability must be a major component of fitness so that anything we can learn about it will add correspondingly to our understanding of fitness, its nature and its determination.
It could hardly be doubted, and indeed has long been clear, that competitive ability is mediated genically. The changes in the frequencies of inversion sequences in Drosophila pseudo-obscura, which Dobzhansky and his colleagues have observed in their population cages, obviously depend on the genes carried by those sequences. The selective forces at work, though inferred from the determinancy of the changes in sequence frequencies rather than demonstrated by the direct observation of individual behaviour, can hardly have failed to depend on the relative abilities of individuals to survive, mate and lay in competition with one another as well as on differences in fertility and any other character which can be formally separated from competitive ability. In barley, and more recently in rice (Sakai, 1961) , direct observation has shown that lines of these inbreeding species must differ in their abilities to compete in mixed stands. It has been shown too (Vetukhiv, 1954 , and see Wallace and Vetukhiv, 1955) that in a number of species of Drosophila flies of different genotypes differ in their abilities to survive in crowded conditions. In a number of these experiments flies of a constant genotype recognisable by a mutant marker gene were introduced into each culture to serve 38Z as a control. They survived less successfully than did their wild-type competitors and so must be judged to have a lower competitive ability, but differences among the wild-type genotypes were inferred entirely from their individual survival percentages. They were not compared in competition with one another, nor even was comparison with the mutant control used as a basis for making indirect comparisons among them. A number of authors have described experiments in which two or more genotypes are compared in respect of some aspect of fitness by their powers of competition with an extraneous standard genotype of the same species. Knight and Robertson (1957) , for example, have clearly demonstrated the effects of inbreeding in Drosophila melanogaster in this way and they refer to the measure they use as a "competitive index ". Valuable as comparisons so obtained have proved themselves to be, they are nevertheless indirect in their nature, and subject, therefore, to all the reservations that comparisons made through a third genotype must always entail. More detailed consideration and analysis must be immensely facilitated by direct comparisons between the genotypes whose behaviour is under discussion.
In the present series of experiments an attempt has been made to obtain direct estimates of the relative competitive abilities of flies of related genotypes in Drosophila melanogaster, to measure the selective differentials to which these differences in competitive ability give rise, to take a preliminary look at the inheritance of competitive ability, and to learn a little about its effects on the manifestation of sternopleural chaeta number in mixed populations. An account of the first part of the investigation has already appeared (Mather, ig6i) .
In this, the classes of fly taken for test in competition with one another were chosen from an F2 between the Oregon and Samarkand inbred lines by the numbers of sternopleural chaet that they displayed, those with i8 chaet being described as Low, those with 20 as Mid and those with 22 as High. The progeny of Low and High flies appeared to survive but rarely in competition with those of Mid, and Low showed an advantage, though not so great, in competition with High. There was thus a clear indication of stabilising selection in respect of chaeta number, but the weakness of this early experiment lay in the genotypic variety which must be expected among the flies falling into the phenotypic classes, especially the Mid class taken from near the mean of the F2. The experiments now to be described have therefore been based on competition between genetically defined lines rather than phenotypically distinguished classes.
EXPERIMENTAL TECHNIQUE AND RESULTS
Four of the eight true breeding lines described by Cooke and Mather (1962) were used in the experiments. The eight lines represent the Samarkand inbred line (S) and Birmingham strain of the Oregon inbred line (B), together with six further lines, derived from S and B and comprising with them all the eight possible true-breeding combinations of the three major chromosomes, each chromosome being taken as a unit. Denoting the Oregon chromosomes by B and their Samarkand homologues by S, and writing the symbols for the chromosomes in the order X, II, III, the four lines used were:-x---BBB, 2-BBS, 4-SSS, 5-SSB, which keep like X and II together, but provide all combinations of these with the B and S chromosomes III. Nine genotypes are thus provided for investigation by these four lines and their F1s as shown in table x.
All cultures were raised in glass vials of diameter x inch and height 3 inches, the food cake being poured to a depth of approximately -inch in the bottom. Four females were allowed to lay for 3 days in the vial at °C. and 4 days at x8° C., previous experience (Mather, 1961 ) having indicated that this should lead to a culture sufficiently crowded for the effects of competition to show. In a pure culture all
TABLE i
The nine female genotypes used in the experiment the females were, of course, of the same genotype, and in a mixed culture two females were used of each of the two genotypes being tested against one another. In the preliminary experiments the females were mated to males of the same genotype for two days or so before being introduced into the vials, but in the main experiment matings were made directly into the culture vials.
In the preliminary experiments the flies were lightly etherised and the males removed, so as to prevent cross-mating, before the females were placed in the culture vials, just as in the earlier experiments described by Mather (1961) . The etherisation tends, however, to check laying and thereby to introduce a further variable into the experiments. The main experiments were therefore carried out with a modified technique. Where a mixed culture was to be raised a plastic slip was introduced into the vial with its base resting against the bottom of the vial, so cutting the food cake into two and with its top against the bung, thus dividing the vial into two chambers. The females of one genotype were introduced together with their mates into one chamber, and those of the second genotype into the other, cross-mating thus being prevented. When the parents were removed, so also was the slip and the two pieces of food cake were pushed together if necessary. The females of the two types thus laid on separate areas of the surface of the food cake, but once the slip was removed the larv would intermingle and the culture became in effect a single mixed one.
Laying proceeded and the offspring developed at 25°C . or at i8° C. according to the experiment. When the offspring had emerged, they were collected and a sample of io flies of each sex was taken for counting the sternopleural chaet. The mean chaeta numbers of males and females thus obtained were taken as characterising the flies in the culture, so allowing by comparison with the means for the pure cultures an estimate to be made of the relative contributions of the two genotypes to the surviving output of a mixed culture.
Where a heterozygous genotype was used, whether in pure culture or mixed, the parents were taken from the appropriate true-breeding lines, so that the cross between them would give in the experimental culture offspring of the heterozygous genotype required. The genotypes recorded as having been used in an experiment thus refer to the competing offspring and not to their parents, who were always from true-breeding lines. The genotypes of table i refer specifically to the female offspring: the X chromosome of the males would vary in the case of heterozygous genotypes according to the way in which the cross was made. All experiments were, however, carried out with an even number of replicates in half of which the cross was made in one way and in half the other, the mean chaeta numbers then being pooled so as to balance out the effects of the X chromosomes in the males where this chromosome varied with the direction of the cross. Any general maternal effect would equally be balanced out by this procedure.
(i) 'reliminary experiments A number of preliminary observations were made before the main tests began. All were carried out at 25°C. and with undivided vials, the males being removed rinder ether before the females were placed in the vials, as already ncted. These preliminary experiments were intended to be explorator) only, and they do not, therefore, merit detailed description. Their results are summarised in table 2.
The term " Background " refers to the constitution in respect of chromosomes X and II, High being B/B, Mid B/S and Low S/S for these chromosomes. The conparisons were made in each background between flies differing in respect of chromosome III, High (H) being again B/B, Mid (M) B/S and Low (L) S/S. In only one set of experiments, where the background is described as " Own ", did chromosomes X and II differ between the flies being compared. In this set A superiority significant at the s per cent, level is shown by italics, the direction being indicated by the inequality sign. An indication of superiority (probability of difference between o per cent, and s per cent.) is shown by an inequality in roman type. An absence of indication of superiority (probability of difference over 50 per cent.) is indicated by a comma between the symbols for the lines.
numbers from these cultures, H+M-2 HM, M+L-2 ML and H+L-2 HL should be o within the limits of sampling variation if the two genotypes contribute equally to the surviving offspring of the mixed culture. A negative value shows an excessive contribution of the genotype with the higher chaeta number, and hence a higher competitive ability of this genotype (see Mather, 1961) . Equally a positive value indicates a higher competitive value of the genotype with the lower chaeta number. The designations High, Mid and Low reflect the relative chaeta numbers of the genotypes as will be seen from the second column of table 2 where the chaeta numbers, averaged over sexes, are shown for each of the genotypes in pure culture in these experiments. 2B
The High, Mid and Low background experiments were carried out in duplicate and the Own experiment in quadruplicate. Comparisons between chaeta numbers of like standing in the duplicate or quadruplicate cultures affords a measure of error variation, against which the values of H+M -2 HM etc. can be tested for significance. In summarising the results in table 2 the convention has been adopted that where the probability of the values of H +M -2 HM etc. departing from o by error variation alone was greater than 50 per cent, no indication could be obtained of superior competitive ability of either genotype and the outcome is shown in the table with a comma, thus M, H. Where the probability lay between 50 and 5 per cent, there was an indication hut no significant evidence, of inequality in competitive ability, and the outcome is shown with an inequality sign, thus H > M, the direction of the sign shows the direction of superiority in competitive ability. With a probability of less than per cent., the difference is significant and the outcome is shown again with an inequality sign but now in italics, thus H>M. The comparisons are shown separately for males and females, and also for the pooled sexes. By and large the sexes agree quite satisfactorily in the results they give.
The results suggest several points of interest. The L(S/S) combination on chromosome III is generally superior to the M(B/S) and H(B/B) combinations on High, Mid and Low backgrounds but the relation of M and H especially appears to vary with background.
In particular M appears superior to H on the High background, but inferior to it on the Low, the relation being one of indifference on the Mid background. There is thus a suggestion of interaction between the chromosomes in their effects on competitive ability. It was, therefore, decided to carry-out more extensive tests in the form of the main experiments, now to be described. Before turning to these, however, one further point requires notice. In the earlier experiments, based on phenotypic classes rather than genotypes, described by Mather (1961) (ii) Main experiments
In the main experin1ents each of the nine genotypes (or lines, as they will be termed for convenience) was tested in competition with every other using the technique of partitioned vials. There are 36 such competitive pairs with g lines, so that a full replicate of the tests included 45 cultures, g pure and 36 mixed. The tests were carried out at two temperatures, 25° C. and i8° C., and they were quadruplicated at each temperature so giving 45 X 2 X 4 = 360 cultures in all. Mean chaeta numbers were determined for males and females separately from each culture, and the quadruplication was used to balance out the effects of sex-linkage and maternal influence as described in an earlier section.
In addition to determining the chaeta numbers, the total yield of flies was also found for each culture and the sexes were counted separately for this purpose at 25° but not at i8°. Analysis of the results for the 25° cultures showed, however, that there was no detectable variation in sex-ratio beyond that expected from sampling, so the numbers of the two sexes have been pooled for further consideration in the 250 experiment as well as the i8°.
The mean yield of flies, males and females being taken jointly, is shown for each of the combinations of lines at both temperatures in table 3. Each entry is, of course, the mean of the four replicate cultures. The line means are the mean yields of all nine combinations, eight mixed and one pure, in which that line has taken part. Taking the pooled variation among the quadruplicate cultures of the 45 combinations as the estimate of error, analysis of variance reveals that the arrays differ significantly from one another in their yields of flies at both temperatures, but that no other significant difference is to be found. In particular the average yield of the 36 mixed combinations does not differ significantly from the average of the g pure types at either temperature. Thus the nine parent lines must differ in the numbers of their flies that came through under the conditions of these experiments; but there is no evidence of further complication in respect of yield of flies. The line mean yields at the two temperatures are correlated but not very highly so, with r = 0409.
The mean numbers of sternopleural chaeta are shown for males and females separately in each of the 45 combinations, at the two temperatures, in table 4. Again each entry is the mean of the four replicate cultures of the combination. No correction has been made to the chaeta numbers for the effects of differences in the numbers of flies emerging in the cultures. Mather (1961) found such a correction to be necessary, but in the present results comparisons among the quadruplicate observations on each combination of lines revealed no indication of a dependence of mean chaeta number on the number of flies emerging. To attempt a correction would thus have been redundant. Each entry is the average of four replicate cultures. Each line mean is the mean of the nine combinations in which that line takes part. The grand mean is the mean of the 45 entries in the table and is not the mean of the line means. Note that in this and subsequent tables the F1 of the cross between lines x and 2 is designated as line 12, and so On. Similarly we find, for example, for males in the 25° mixed culture of lines 5 and 24 (i.e. the F1 2 x4), where pure line 5 gives a mean of 2O73, pure 24 a mean of i8g8 and the mixed culture a mean of ig8, ig58-i8g8 o3429
-i8g8
and q = 2o73-1958 = o657i.
2o73 -i8g8 Although this calculation has been illustrated using the means of the four replicate cultures of each combination, it was in fact carried out separately for each replicate of the four, the counts being used from the two pure cultures and the mixed culture from within the same replicate. Thus four such estimates became available of the proportionate contributions of the two lines concerned to the flies from each type of mixed culture.
These estimates of the proportionate contributions are obviously 
2B2
Each entry is the mean from four replicate cultures. subject to error arising not only from the sampling variation of the proportion itself but also from the variation in sternopleural chaeta which is a commonplace among flies even of a uniform genotype. The greater the difference in chaeta number between the component lines of the mixed culture, the legs the disturbance produced in the estimates of the proportionate contributions by the variation of individual chaeta numbers. With small differences between the lines, however, these disturbances can be relatively great and lead even to negative estimates of the contributions. A case in point is offered by the females of the mixed culture of lines 5 and 14 at 25°. 2o8o-2o35 Other and more extreme cases can be found from table 4. It is, of course, obvious that the extreme values possible for p and q must be o and x. Before, however, considering how to deal with these cases we must first turn to consider the metric to be adopted in measuring competitive ability.
MEASUREMENT OF RELATIVE COMPETITIVE ABILITY (I) The metric
If measurements of relative competitive ability are to be of general use they must clearly allow the behaviour of two lines relative to one another to be predicted from knowledge of the behaviour of each of them with a third line, i.e. the measurements should be such that knowing the differences in relative competitive ability between lines A and B, and between B and C, the difference between A and C can then be predicted. Furthermore, the simplest relation for prediction is that of additivity so that the difference between A and C would be the sum, taking sign into account, of those between A and B and B and C. Simple proportionate contributions to mixed cultures do not satisfy this criterion of additivity any more than do simple recombination percentages in linkage. We need in fact some metric which like cross-over value can be used additively.
Let us consider the simple case of a mixture of two lines contributing equally to the initial population of fertile eggs which then develops under conditions of competition such that there survive only half the individuals to which the eggs could give rise. Let us further suppose that the individuals can be ordered on a scale measuring competitive ability, that on this scale the individuals of each line show a normal distribution, and that although having different means the distributions of the two lines have the same variance ( fig. x, lower) . Then only the individuals in the upper half of the joint distribution will survive and they will be represented by the areas of the two distribudons to the right of the dotted vertical line in the figure. The survivors from the line of lower mean will clearly match in frequency those failing to survive from the line of higher mean, and with normal distributions of equal variance the dividing line will be the ordinate through the point of intersection of the curves, as in the figure. The outcome of the mixed culture may thus be represented by the relation of the areas of the higher curve appearing on either side of this ordinate, that area to the right of the ordinate being the proportion of survivors coming from the line of higher mean and that to the left being the proportion coming from the line of lower mean. Now the position of this ordinate in relation to the mean of either distribution can be expressed as a normal deviate. This normal deviate can be ascertained from the proportions of the two lines in the survivors of the mixed culture, and it will be just one half the difference in mean competitive ability between the lines. Furthermore, such normal deviates will provide additive measures of competitive ability, so long, of course. as the competitive powers of the lines depend on the same factors and can be expressed on the same scale. Now, we obviously cannot know that exactly half the potential individuals of the mixed culture will survive. Where more than 50 per cent, of the potential individuals survive the normal deviate breaks down as a measure of competitive ability, for the value ascertained for it from the proportions of the two lines surviving is no longer related in a utilisable fashion to the difference between the mean of the lines. Where, however, less than 50 per cent. of the potential individuals survive ( fig. i, upper) , the normal deviate corresponding to the proportion of the mixture continues to be a useful measure of the difference in competitive power. True, it is no longer half the difference between the mean of the lines, as it is with 50 per cent, survival, but as our colleague, Mr R. Morley Jones, has pointed out to us, for a constant rate of survival less than o per cent., the normal deviate derived from the proportion changes almost linearly with the difference between the lines' mean competitive abilities ( fig. 2) . So, provided the intensity of competition, and with it the survival rate, is held constant the normal deviate is a satisfactory measure, at least until the survival rate begins to exceed 50 per cent. The individuals of each line are assumed to fall into a normal distribution in respect of competitive ability (measured along the abscissa), the two lines following distributions with different means but a common variance. With 50 per cent, survival (below) the proportions of the two lines among the survivors are given by the areas of the two curves cut off by the ordinate through their intersection, as indicated by the horizontal hatching (for the line of higher mean) and vertical hatching (for the line of lower mean). This ordinate is equidistant between the two means so that the normal deviate corresponding to the proportions of survivors from the two lines is a direct measure of half the difference in their mean competitive abilities. This simple relation no longer holds where other than half the individuals survive (above). The normal deviate corresponding to the proportions observed among the survivors, is, however, still almost directly proportional to the difference between the means, provided the fraction of individuals surviving is constant and less than a half (see fig. 2 ). Although the table contains nine entries only three of these can in fact vary, for the entries along the diagonal must all be o, and given the three entries (a, b and c) to the right of the diagonal, those to the left (-a, -b, -c) must follow. With the principles of the analysis thus established it is readily extended to the more complex case of nine lines tested in all combinations, as in our experiments, to which we now return.
THE STATISTICAL ANALYSIS
The first task is to convert the proportions of flies from the various mixed cultures, as estimated from the chaeta numbers, into normal deviates. In point of fact, however, it is more convenient to convert them into probits which are no more than normal deviates to which 5 has been added so eliminating negative values and facilitating subsequent calculations. Probits have been fully tabulated against the proportions to which they correspond by Fisher and Yates (i7). Two points must be made about the probit values. First, like the proportions from which they are derived, the sampling variances to which probits are subject vary with the values of the probits themselves. Each probit should therefore be given an appropriate weight in any subsequent analysis (see for example, Finney, 1952) . This, however, has not been done in the present case, partly to simplify the analysis and partly because the probits as we find them are subject to a still further sampling error springing from the innate variation in chaeta number. Reliance was placed therefore on an empirical estimate of error based on the differences observed among the probits obtained from the quadruplicate observations. Secondly, some of the proportions found from comparison of the chaeta numbers are ioo and o per cent., which correspond respectively to probits of cc and -cc. As estimated, other proportions even go beyond this range, and can have no probits to correspond. In normal probit analysis special methods are used to cope with the cases of 100 and o per cent, proportions, but the application of these in the present instance is not obvious, and in any case they cannot take care of the negative values and those exceeding i oo per cent, which our TABLE 6 Mean probits, and relative compeiive abilities derived from them, for females (above) and males (below) at 250 C. and i8° C.
25° C. The mean probits for all combinations are shown for males and females separately at the two temperatures in table 6. Each of the entries in the table is the means of four probit values, found for the four replicate observations of that sex at that temperature in that combination. Each of the quadruplicate probits was found separately from the proportion obtained from the chaeta numbers in that particular replicate of the experiment, as already explained. Although the means alone are shown in the table, the sets of four replicate probits were used to provide the estimates of error Variation. Since the mean of a number of probits is not the probit of the mean of the proportions from which they are derived, the entries in table 6 do not correspond exactly with the probits derivable from the mean proportions calculated from the chaeta counts of table 4. The nine pure cultures along the diagonals of table 6 necessarily take probit The mean probits are shown at the foot of each column of the table, and these are converted into the relative competitive values, expressed in terms of normal deviates, by subtracting 5. These estimates of the relative competitive values assume additivity of the differences in competitive ability among the lines. They can be used to find the probit values expected for each cell of the table assuming additivity. Taking, for example, the females from lines I and 4 at 250 C., the relative competitive value for line 4 exceeds that for line i by 02251 -(-0.6853) = 0.9104 so that we should expect a probit value of 5+o9Io4 for the line 4 contribution to the mixed culture of I and 4 and one of 5 -o 9104 for the contribution for line 1. The mean probits observed were 561 79 for line 4 and correspondingly 43821 for line i. The contribution of this combination to the S.S. for additivity is thus (5.6179_5.91o4)2 = (4.382! _4.0896)2. The two cells of the table must obviously yield the same value for the square of the difference between the probits expected and observed, and only one of them is in fact to be counted in when finding the additivity S.S., as we saw in the previous section. There will thus be 36 comparisons contributing in this way to the additivity S.S., one for each of the mixed combinations of the table, but 8 degrees of freedom have been used up by the 8 parameters whose elimination is implicit in the use of the nine column means for formulating the expected values. Thus the additivity S.S. corresponds to 36-8 = 28 degrees of freedom.
The S.S. affording a test of the significance of the relative competitive values (which should, of course, all be o in the absence of differences among the lines) is found from the column totals. The squared column sums will be divided by 9 since each of them is the sum of 9 values, and the probit totals may be used for this calculation if a correction is subtracted to allow for the 5 by which the probit exceeds the normal deviate to which it corresponds. In accordance with the normal practice this correction is found as 4052/81 since there are 8i cells in the table giving a grand total of 405. The S.S. so obtained corresponds to the 8 degrees of freedom among the nine column totals. It could be sub-divided further by analogy with the simple case considered in the previous section, but little is to be gained by such a partition and it is not presented here.
The total S.S. with which the sums of the S.S.s obtained for additivity and from the column totals must agree is found by squaring and summing the 36 probits for the 36 mixed combinations recorded in the table. This S.S. will correspond to 36 degrees of freedom, 28 of which have been allocated to the test of additivity and 8 to the test of the relative competitive, values.
The analyses of variance for the separate sexes at both temperatures are shown in table 7. Only the items for additivity and differences in competitive ability are set out, the totals being omitted as redundant.
The requirement that the total S.S., obtained independently as described above, tallied with the sum of the two items recorded was satisfied in all four cases. Only the item for error remains fbr explanation.
This was obtained from the S.S.'s. among the replicate observations for each mixed combination. Four probits were obtained from each mixed combination for each sex at each temperature.
Thus each mixed combination contributes a S.S. for3 degrees of freedom relating to differences among the quadruplicate probits. Since there are 36 such combinations pooling will give a 5.5. for 36X3 = ,o8 degrees of freedom, and such a measure of error variation is obtainable separately for the two sexes at both temperatures. Since, however, the analysis of variance outlined above was carried out on the mean probits fr the various combinations the error mean square, found as just described, must be divided by 4 to make it relevant. The values so obtained are those given on table 7. The replicate probits used in calculating this error mean square were those obtained after reducing to 975 all percentages exceeding this value and raising to 25 all percentages falling short of it. The mean square will thus be an underestimate of the true error variance.
The results of the analysis are nevertheless clear on both the points at issue. First, none of the additivity mean squares approaches significance, and this despite the underestimation of the error variance.
Thus from neither sex at neither temperature is there any evidence of the metric used for measuring competitive ability departing from additivity. We should note that this is a test only of the adequacy of the metric for representing the character in relation to comparisons between the lines. It is in no way comparable to the scaling tests of Mather (i) which test the metric in relation to additivity of gene effects: indeed, although true breeding lines and their F1s were used in the experiments, no genetical relationships of the kind needed for such scaling tests were brought into the analysis. Satisfaction of the present criterion of additivity is therefore no guarantee that interactions will not be found at the level of gene action, and indeed there are indications of such interactions as we shall see in the next section.
Secondly, all the mean squares for differences in competitive ability are highly significant, and indeed the variance ratios are so great that unless the underestimation has reduced the error variance to but a small fraction of its true value their significance cannot be in doubt. Such a gross effect of underestimation is most improbable. There is thus good evidence that the lines do differ in the proportions they contribute to the mixed cultures, that is that they differ in competitive ability as we have defined it.
One point requires clearing up. As we have seen, the lines also differ in the average numbers of offspring they yield under the conditions of the experiment. The question arises, therefore, of whether this could account for the differences in their contributions to the mixed cultures. It does not seem likely that the differences could arise in this way, as at °C. for example the biggest difference in average yield of flies (table 3) is only 6989 -56 17, which would account for proportions of and 446 per cent, in a mixed culture. The proportions observed depart much more widely from equality.
Two tests have, however, been carried out to investigate the possibility further. First, an analysis was made of the regression of competitive ability on mean yield of offspring. In neither sex at neither temperature was there any good evidence of a relation between the two. Secondly and more important, Dr J. S. Gale has calculated the chaeta numbers expected in the males of the mixed cultures at °i f the departures from equal contributions to them depended solely on the differences in yields of offspring among the parental lines. The differences between the chaeta numbers observed and those expected is very highly significant (X6]= 133.7 with P extremely small). Thus the differences among the lines in competitive ability cannot be ascribed to the differences in their output of offspring. This test is somewhat laborious and its result so clear that it was not carried out on the other sets of data.
Although differences in competitive ability are thus clear in all four sets of data, the intensity of the effect appears not to be constant. The range between the lowest and the highest relative competitive abilities observed among the nine lines in females at °C. is in males at °C. 164, in females at i8° C. P93 and in males at i8° C. iç. The greatest effects were thus seen at i8° C., at which the yields of offspring were slightly higher than at °C . (table 3) .
It would thus appear unlikely that the greater differences in relative competitive ability spring from lower rates of recovery of offspring.
Rather it would suggest that there is a difference in the nature of the conditions of competition in the environments produced at the two temperatures.
It is thus of interest to see whether the lines behave the same in relation to one another at the two temperatures when allowance has been made for the overall difference in range of the values obtained for relative competitive ability. The interactions of lines xsexes and lines x sexes x temperatures in table 8 have very similar mean squares and have therefore been pooled to give a mean square of o4o. This is just significant at the i per cent, level when compared with the basic error, suggesting that the relative competitive values between sexes are subject to variation springing from agencies which do not contribute to the basic error. As we have seen, the basic error must be to some extent an underestimate, so that this test of significance cannot be taken wholly at its face value. If, however, agencies of additional variation exist the process of standardisation may be one of them and others may be 2C related to sex differences. Be that as it may, however, the interaction of lines and temperatures is significant at the 5 per cent. level even when tested against the pooled sex interactions. Thus there is good reason to believe that the lines do not behave the same with respect to one another at the two temperatures: there is an interaction of genotype and environment in respect of competitive ability. Nor indeed is this surprising, for the conditions of competition could hardly be exactly alike in cultures raised at the two temperatures. The overall differences among the lines is highly significant in this analysis, as would indeed be expected from the analyses set out earlier.
THE INHERITANCE OF COMPETITIVE ABILITY
The standardised relative competitive values of table 8 have been averaged over sexes for the purpose of considering the contributions of the chromosomes to their determination. These averaged values are set out in relation to the nine genotypes at the two temperatures in table 10. It is not fully justifiable to average over the sexes in respect of effects of the X chromosomes even though the experimental procedure combines both types of male where variation in the X is possible. Since, however, the effects of the X are fully confounded with those of chromosome II, for which averaging over the sexes is clearly legitimate, it was felt that this procedure should not lead to seriously misleading results.
The nine values necessarily sum to o, so that eight parameters are required fully to describe the genetical situation at each temperature. Basically these must of course resemble the two d's, two h's, i, two j's and 1 as defined by Hayman and Mather (ig) . In point of fact the structure of the values observed for the individual genotypes is not quite the same as that used by Hayman and Mather, partly because these authors assumed the genotypes to be present with the frequencies appropriate to an F2 whereas here they must all be regarded as equally frequent, and partly because Hayman and Mather worked from a mean of S(h) whereas here we are working from a mean of o. The parameters are, however, essentially the same, even though the operation of reconstructing the genotypic values from them is not quite identical.
The coefficients of the eight orthogonal functions used in deriving estimates of the genetic parameters from the values observed, are set out, together with the divisors appropriate to them, in table ii. The The results are suggestive rather than conclusive. There can be no doubt of the additive effect of chromosome III (d3) on relative competitive ability at both temperatures. Chromosomes X and II appear to have a similar joint effect (d2) only at i8° C., and this may account in major part for the genotype-environment interaction revealed by the analyses of table 9. No clear direct evidence appears of dominance, though h2 is suggestively large at i8° C. There are, however, indications of interaction of all three kinds between the chromosomes, the results at both temperatures being involved. Furthermore, while the only near significant dominance value is positive, all the significant interaction items, and most of the nonsignificant ones, are negative in sign. Such an opposition in sign between dominance and interaction suggests that the latter is of the duplicate gene type, with both dominance and interaction making for high competitive ability as would indeed be expected where selection for the character must be steadily directional towards high ability (Mather, 1960; Breese and Mather, 1961) . More and clearer evidence will, however, be required to establish the nature of the genic interactions.
CONCLUSION
Unless flies of one genotype can influence the sternopleural chaeta number of those of another through some process of physiological transformation, the evidence for heritable differences among the lines in their relative competitive abilities is strong. Competitive ability as we have measured it must, however, include as components fecundity of the females and hatchability of the eggs as well as ability of the individuals to develop successfully under competitive conditions. Now fecundity and perhaps hatchability should reflect the genotype of the mother rather than that of the offspring. Thus although it would hardly seem likely that fecundity and hatchability are the sole components, their effects cannot be disentangled from those of direct competition in the present results, and they may have introduced complications into the genetical analysis of the immediately foregoing section.
The evidence could clearly be improved and the analysis taken further, in a number of ways. The intensity of competition could be better controlled and the percentage survival determined more accurately by starting the cultures, both pure and mixed, with counted numbers of eggs rather than merely allowing the females to lay such eggs as they would over a constant time. To use varying numbers of eggs would obviously also allow the use and range of validity of the transformation of proportions into normal deviates to be investigated further.
It was thought desirable to establish a case for the occurrence of differences in competitive ability between wild-type lines of flies in the first instance; but the use of only such flies necessarily requires that the calculations of the proportions among the offspring of mixed cultures be based on the comparisons among mean levels of manifestation of continually varying characters. This, as we have seen, brings its own problems in its train, for we may be led to estimate proportions of greater than i and less than o in the mixtures with the consequence that arbitrary corrections must be made when applying the transformation into probits. Furthermore, the innate variability in the manifestation of the character introduces an additional source of error variation into the estimates and prevents, or at least makes difficult, the correct weighting of the probits in subsequent calculations. The use of suitable major genic differences as markers would overcome these difficulties and would now seem appropriate. It would have the further advantage that all the offspring of a mixed culture could be classified, and hence employed in determining the proportions in the offspring of mixed cultures, with less labour even than counting the sternopleural chaet of ten individuals of each sex. The error variance should therefore be again reduced by this procedure and more precise analyses and estimates achieved.
With these technical improvements, we may reasonably hope not only to test and refine the method of statistical reduction and measurement and to pursue the genetical analysis further, but also to develop 2C2 the approach so that it can be applied successfully to a wider class of problems.
SUMMARY
Competition is not synonymous with natural selection but competitive ability must be a major component of fitness in virtually all circumstances. Thus anything that can be learned about it will add correspondingly to our understanding of fitness, its nature and its determination.
Experiments are described designed to test for differences in competitive ability among ifies of the nine genotypes derivable from four lines representing all the true-breeding combinations of chromosome III with chromosomes X and II, treated as a unit, from the Oregon and Samarkand lines of Drosophila melanogaster. Crowded mixed cultures were raised at two temperatures from all possible combinations of the nine genotypes taken two at a time, and the proportions of offspring of the two genotypes estimated from the average numbers of sternopleural chaete in both sexes. These proportions were transformed into probits for further analysis by statistical techniques devised for the purpose.
Measurements were obtained of the relative competitive abilities of the genotypes in both sexes at 25° C. and i8° C. and significant differences were observed among the lines. Results from tests at the two temperatures were not alike. There is evidence of a difference in the intensity of competition in the two environments, and even when allowance is made for this the lines do not appear to stand in the same relationship to one another at the two temperatures in respect of competitive ability.
Analysis of the effects of chromosomes III and chromosomes X and II on relative competitive ability indicate that genic interactions occur among the chromosomes and suggest that these interactions are of the duplicate type to be expected in the determination of a character under directional selection.
Refinements in the experimental technique are considered.
